Flavonoids are synthesized on the cytoplasmic surface of the endoplasmic reticulum (ER). As is the case for several other phytochemicals, anthocyanins and other products of the pathway often accumulate in the large central vacuole. This review summarizes recent findings on the possible mechanisms by which flavonoids traffic between the ER and the vacuole, and discusses the frequent localization of anthocyanins in sub-vacuolar structures with variable characteristics.
Anthocyanins are a large group of flavonoid pigments with significance for the ecology of plants. Among several other functions [1] , anthocyanins participate in providing cues to pollinators and seed dispersers [2] . Flavonoids derive from the general phenylpropanoid pathway and have a C6-C3-C6 structure. Depending on the organization and modifications of the three rings, flavonoids can be classified into a number of different subclasses, which include the flavones, the flavonols, the isoflavones, the proanthocyanidins (PA, condensed tannins) and the anthocyanins. Flavonoids are likely synthesized on a metabolic complex on the cytoplasmic face of the endoplasmic reticulum (ER) [3] . Yet, many of the final products of the pathway accumulate in the vacuole (e.g., flavonols, anthocyanins). In the case of anthocyanins, for example, the vacuolar sequestration is essential to prevent oxidation [4] and for them to function as pigments. Alternatively, flavonoids can be secreted, as is the case for a number of compounds present on the surface of leaves [5] , or for those released by the roots of plants to function as signaling molecules to bacteria (e.g., flavones, [6] ) or as allelochemicals (e.g., (-) catechin, [7] ). Recent evidence further suggests that flavonoids can be transported for long distances within plants [8] .
Understanding the mechanisms by which plant cells negotiate the intra-cellular transport of flavonoids poses a significant technical challenge, as it is often impossible to visualize the compounds before they have reached their final destination. This review will focus on some recent breakthroughs in understanding the mechanisms by which anthocyanins move from the surface of the ER to the tonoplast, and how they are stored, once inside the vacuole.
Current models to explain flavonoid trafficking
Models that attempt to explain how flavonoids traffic from the surface of the ER to the tonoplast have classically been of two types. We will refer to them here as the Ligandin Transporter (LT) and the Vesicular Transport (VT) models.
The LT model is rooted on the finding that mutations in the maize BZ2 gene, which encodes a glutathione S-transferase (GST) , prevents the vacuolar localization of anthocyanins, resulting in the accumulation of brown oxidation products (hence the Bronze2 name) [4] . Similar to BZ2, the Petunia AN9 gene encodes a GST and, despite the low sequence identity between AN9 and BZ2, BZ2 complements AN9 mutants [9] . Interestingly, the GST enzymatic activity of AN9 is not required for the AN9-dependent vacuolar sequestration of anthocyanins, resulting in the suggestion that AN9/BZ2 serve as "ligandins", necessary for escorting anthocyanins (e.g., cyanidin 3-O-glucoside, C3G) from the ER to the tonoplast [10] . The identification of the maize tonoplast-localized Multidrug Resistance-Associated Protein, ZmMRP3, provided an additional player in this model involving carrier/ligandin and transporter proteins (see Across the tonoplast section) in the trafficking of anthocyanins from the ER surface to the vacuole [11] . In Arabidopsis, TRANSPARENT TESTA19 (TT19) mutations affect both anthocyanin accumulation in vegetative tissues and PA accumulation in seed coats. Similar to BZ2 and AN9, TT19 encodes a GST, and AN9 complements the anthocyanin, but not the PA defect of tt19 mutants [12] . While TT19 and AN9/BZ2 may function similarly by stabilizing/escorting anthocyanins, tt19 mutants have a distinctive phenotype in the seed coat, where PA precursors accumulate in cytoplasmic membrane-wrapped structures [12] . This contrasts with the phenotype of mutations in the Arabidopsis TT12 locus, encoding a Multidrug and Toxic Compound Extrusion (MATE) transporter involved in PA vacuolar sequestration, in which the PA precursors are evenly distributed in the cytoplasm [13] . Similar to ZmMRP3, TT12 localizes to the tonoplast and has the ability to transport C3G, but not the corresponding aglycones [14] .
The VT model is largely based on the presence in many different plants (e.g., lisianthus [15] ; maize cultured cells [16] ; Arabidopsis [17] , sweet potato [18] , red cabbage [19] ) of anthocyanin-filled structures in the cytoplasm. Most enlightening has been the recent description of the tapetosomes in Brassica tapetum cells. These ER-derived organelles accumulate several flavonoids, which are delivered to the pollen surface upon tapetum cell death. In tapetum cells, flavonoids are found inside vesicles, which then come to form part of the tapetosome [20, 21] .
Are discrete ER domains the sites of initial flavonoid accumulation?
As presented above, the LT and VT models appear to be difficult to reconcile. One involves vesicles, likely derived from the ER, which deliver their cargo to the vacuole, while the other involves ligandins that escort the anthocyanins to the tonoplast, where they are taken-up by dedicated transporters. A central question in reconciling these two models is the location of the GSTs that bind anthocyanins. Transient over-expression in maize protoplasts of BZ2 fused to the green fluorescence protein (GFP) suggested a cytoplasmic localization of BZ2 [22] . Similarly, TT19-GFP localizes to narrow regions in the cytoplasm of Arabidopsis plants (S. Kitamura, pers. comm). While these results have not formally ruled out the possibility that a fraction of the GSTs are associated with vesicles or the ER, they tend to suggest a broader cytoplasmic localization. In contrast to these GSTs, the TT12 and ZmMRP3 putative C3G transporters have been localized to the tonoplast [11, 14] . Thus, if anthocyanins are present in cytoplasmic vesicles, how do they get to the tonoplast, how do they interact with the GSTs and how would they become available for the transporters for vacuolar uptake?
Several lines of evidence suggest the ER lumen as an initial site of flavonoid/anthocyanin accumulation. Maize Black Mexican Sweet (BMS) cells in culture induced to accumulate anthocyanin by the ectopic expression of the R+C1 pathway regulators (BMS R+C1 ) show an expanded ER with electron-dense material, presumably anthocyanins, in the ER lumen [16] . Similarly, TEM studies of lisianthus [15] and carnation (H. Zhang, pers. comm.) show formation of anthocyanin-containing pre-vacuolar vesicles (PVs) adjacent to abundant ER formations. Recently, the unique red fluorescent properties of anthocyanins was used to show their co-localization with the ER marker HDEL-GFP in cytoplasmic structures that resemble ER bodies [17] . Finally, in tapetosomes, the ER is indisputably the initial site for the accumulation of the flavonoids that will ultimately end on the pollen surface [20] . Interestingly, however, and conflicting with the idea that TT12 is solely restricted to the tonoplast, tt12 mutants have a significant reduction of flavonoid accumulation in the tapetosomes [20] , suggesting that, at least in tapetum cells, TT12 may localize elsewhere since the formation of the tapetosomes does not involve the vacuole. This leaves open the possibility for TT12 to localize to the ER.
The possibility that the lumen of the ER provides the initial site for flavonoid accumulation provides an attractive hypothesis for models explaining how structurally similar phytochemicals (e.g., different flavonoids) could be targeted, in the same cell, to different compartments [23] . Perhaps, the specificity for the selective targeting to different compartments is not provided by the flavonoid itself, but rather by where the metabolon responsible for synthesizing each of the possible flavonoids docks on the ER. Thus, the ER would serve as a "distribution center", directing trafficking to different destinations, yet the "zip code" would be provided by the metabolic enzymes, through their interaction with specific ER regions. Could such a model perhaps explain the effect that mutations in certain metabolic enzymes have on vacuole formation (e.g., LDOX [24] ) (see Anthocyanin transport and vacuole biogenesis section)?
From the ER to the tonoplast: Ligandins, vesicles or both?
The mechanisms by which anthocyanins negotiate their way from the surface of the ER to the tonoplast are dramatically different under the LT and VT models. Under the LT model, anthocyanins, presumably bound to the appropriate GST, would "diffuse" until reaching the tonoplast, although the possibility exists that this is an active transport that perhaps involves the association with motor proteins or microtubules. In most cells, the distance to travel might be short as the large central vacuole, where anthocyanins normally accumulate, often occupies up to 80% of the cell volume.
Under the VT model, ER-derived PVs, presumably filled with anthocyanins, would travel the distance to the tonoplast following the normal vesicle secretory pathway. Indeed, recent evidence suggests that anthocyanin can "hitchhike" on vesicles carrying storage proteins to the protein storage vacuole (PSV). These vesicles would follow a direct route from the ER to the vacuole, by-passing the trans-Golgi network (TGN), as evidenced by the finding that anthocyanin accumulation is not affected by Brefeldin A, a TGN disturbing agent [17] .
Across the tonoplast
Under both the LT and VT models, anthocyanins or anthocyanin precursors must make it across a membrane, either the ER membrane or the membrane that surrounds the PVs under the VT model, or the tonoplast under the LT model. In both cases, however, a failure in the transport across membranes would result in the cytoplasmic accumulation of anthocyanins.
Two major transport routes have been suggested for movement of flavonoids across the tonoplast; via directly energized ATP-binding cassette (ABC) transporters or through secondary energized transporters reliant of the H + -gradient. The ABC superfamily is a large, ubiquitous group of transmembrane proteins that transport small metabolites, peptides, carbohydrates and other compounds across membranes, energized by the binding and hydrolysis of ATP. There are more than 120 ABC family members in both Arabidopsis and rice, and they can be assigned to 13 subfamilies based on predicted protein features [25] . Members of one of the subfamilies, the MRPs, are associated with the vacuolar sequestration of endogenous compounds and xenobiotics that are subject to conjugation with reduced glutathione (GSH) or other adducts (e.g. sugar moieties). As such, they form part of the wellcharacterized detoxification processes of eukaryotes that progress via activation (with hydroxyl groups), conjugation and sequestration.
Several studies implicate ABC transporters in the vacuolar uptake of anthocyanins. For example, the introduction of the Arabidopsis AtMRP1 and AtMRP2 genes into yeast conferred uptake of C3G-glutathione conjugate, and AtMRP2 has shown to coextract with the vacuolar membrane fraction [26] . However, the most compelling evidence for a role for MRP proteins facilitating anthocyanin transport comes from studies on the ZmMRP3 and ZmMRP4 genes of maize [11] . ZmMRP3 is expressed in a range of tissues that produce anthocyanins, and the ZmMRP3 gene promoter is under positive regulation by the anthocyanin-related transcription factors. Transgenic anti-sense RNA knock-down lines for ZmMRP3 have reduced anthocyanin content and mislocalization of the pigment. Using a ZmMRP3-GFP fusion expressed under the 35SCaMV promoter (3SS), the protein was localized to the tonoplast, as well as to adjacent, as-yet unidentified, membrane structures.
Until recently, evidence for the involvement of H + -dependent transporters was principally derived from physiology studies, and by extrapolation from knowledge of the proton pumping processes responsible for maintenance of vacuolar pH. The acidic pH of vacuoles, relative to the surrounding cytoplasm, is generated by V-type ATPases and pyrophosphatase proton pumps localized on the tonoplast. The pH gradient generated across the tonoplast provides electrochemical potential for energizing transport of metabolites into the vacuole by H + -dependent antiporters. Strong evidence for an H + -dependent transport route for flavonoids has recently emerged from studies of two Arabidopsis genes. Baxter et al. [27] found that a transparent testa (tt) phenotype mutant, in which the content of PAs is greatly reduced, corresponds to the H + -ATPase isoform10 gene (AHA10). Surprisingly, AHA10 is more closely related to the ATPases of the plasma membrane (P-type), rather than the V-type, and has yet to be shown to be associated with the tonoplast. TT12 corresponds to a 12-transmembrane domain protein of the MATE transporter family that is expressed specifically in PA accumulating cells [13, 14] . The tt12 lines do not accumulate PAs in the endothelial cells, have significantly reduced levels of flavonol 3-O-rhamnosides (but not flavonol 3,7-di-Orhamnosides), and when introduced into a background that accumulates anthocyanins rather than PAs in the seed coat, causes a significant reduction in anthocyanin levels. In common with some members of the wider MATE family, TT12 is an H + -antiporter. Introduction of TT12 into yeast conferred Mg 2+ -ATP-dependent uptake of C3G and possibly flavan-3-ol glucosides, but not of flavonol 3-O-glycosides, cyanidin aglycone or the flavan-3-ol aglycones that are the proposed PA precursors [28] . Specific inhibitors of the vacuolar H + -ATPase prevented uptake. A MATE-encoding cDNA was also identified in a screen of tomato for genes upregulated by over-expression of the ANT1 MYB anthocyanin pathway regulator [29] , suggesting a role for MATE transporters in other species as well.
No clear division of labor for the alternative transport systems based on target compound type has yet emerged, nor is there an apparent division based on phylogeny. Some separation of function is suggested from maize and Arabidopsis data, as ZmMRP3 (H + -dependent) of maize is required for anthocyanin transport, but not other pigments, and TT12 (ABC-type) is suggested as transporting PAs, but not anthocyanins. However, there are observations that argue against a simple division into anthocyanins using a H + -dependent route and PAs using ABC-type transporters. Examples include the ban tt12 double mutant showing reduced anthocyanin accumulation (compared to ban alone), the TT12 yeast results described above, the aha10 mutation reducing PA accumulation, and GST mutations (e.g., tt19) reducing both anthocyanin and PA accumulation.
Furthermore, flavones enter barley vacuoles (in vitro)
by an H + -dependent mechanism, but Arabidopsis or rye vacuoles through an ABC-type transporter [30, 31] . A possibility that remains to be explored is that the specific modifications that decorate the flavonoids (e.g., glycosylation, acylation) might determine which particular transporter will be involved.
A picture that emerges from these studies, and which has been a main reason for the inability to reconcile the LT and VT models, is that the transporters have always been considered to be localized only on the tonoplast membrane, rather than (or in addition to) other locations of the endomembrane system (e.g., ER or PVs). Most significant in this regard is the reality that, when vacuoles are isolated for in vitro import studies (e.g., [31-33]), it is almost impossible to eliminate contaminations that include endosomes and vesicles. Similarly, localization experiments have often provided evidence that transporters can localize elsewhere (e.g., [11] ), yet the inability to clearly determine what those other structures might be, contrasted by the easiness to identify the tonoplast, often resulted in these observations not being followed up.
Anthocyanic vacuolar inclusion (AVIs)
In addition to the presence of colored PVs in some cells, different forms of anthocyanin accumulation have also been observed within the main vacuole itself. Most cells display an evenly colored anthocyanin vacuolar sap, but there are now many reported cases of compact pigment bodies of either regular or irregular shape that have been termed Anthocyanic Vacuolar Inclusions, or AVIs [34] . Based on the extensive description of AVIs in a range of angiosperm species with no phylogenetic association, two distinct types of AVIs can perhaps now be defined. One type is 'liquid' in their behavior -they are generally spherical in shape (unless confined by the cell shape), mobile, and often coalesce into larger bodies. This type of AVI has been extensively studied in cell cultures, particularly of maize and sweet potato [18, 35] , and can also be observed in Arabidopsis seedlings [17] , maize tassel glumes [36] and the abaxial petal epidermis of lisianthus [15] . In maize tassel glumes [36] and potato cell cultures (H. Zhang, pers. comm.) they can be observed in real time to move within the cell and merge into larger bodies, over a matter of minutes.
No associated boundary membrane has been demonstrated for these bodies in maize [36] , lisianthus petals [15] , or cell cultures of sweet potato [18] . In maize, the formation/rearrangement of these AVIs can be triggered by light exposure without any accompanying changes in anthocyanin content or structure [36] . Inhibitors of ABC transporters (vanadate) or GSTs do not prevent AVI formation in Arabidopsis, rather causing an increase in the number of AVIs [17] . A metalloprotease (VP24) is specifically associated with AVIs of sweet potato, but the significance of this is unknown [37] . Interestingly, the 3-deoxyanthocyanidin luteolinidin can self-organize into pigmented inclusions (also not membrane-bound) that fuse and behave in very similar ways as the 'liquid' AVIs described here [38] .
The second type of AVI has a more 'fibrous' rigid and apparently insoluble structure. They have been mostly studied in petal cells, particularly of lisianthus, carnation and rose [15, 34, 39] , but have also been observed in apple skin [40] and redcabbage leaves [19] . In some cases, they can be extracted from the cell to a high level of purity as particles [15, 34] . Such an extraction as ex-planta bodies has not yet been reported for any of the 'liquid' AVIs.
A relationship between anthocyanin structure and inclusion in AVIs has been found. In morning glory, plant lines with a mutation in the gene encoding the UDP-glucose:anthocyanidin 3-O-glucoside-2''-Oglucosyltransferase have a 'dusky' phenotype due to the accumulation of the anthocyanins in AVIs, which are not found in wild-type plants [41] . AVIs extracted from lisianthus petals or grape cells contain a higher proportion of specific glycosides or acylated anthocyanins, respectively, compared to the total anthocyanin content of the cells [42] . This relationship between anthocyanin structure and AVI formation suggests that I) AVIs are not simple aggregations of the anthocyanin transport PVs, and II) if PV uptake is via autophagy (see below), then subsequent PV rupture must occur within the vacuole.
Either transport model can explain the formation of AVIs, albeit by very different mechanisms. Under the LT model, anthocyanins would be pumped into the vacuole. Perhaps when the vacuolar anthocyanin concentration becomes too high, anthocyanins aggregate into the 'fibrous' AVIs or be sequestered into the 'liquid', possibly membrane-bound, AVIs. AVIs might behave in a dynamic fashion, releasing and uptaking anthocyanins depending on the need. This could explain the effect of light on the organization of these structures in maize [36] , and offers a possibility for the plant to manipulate pigmentation (hue) by only changing the localization of the pigments within the vacuole. If membrane bound, then perhaps transporters might be located on the AVI membrane, providing one possible explanation for the increased accumulation of anthocyanins in Arabidopsis AVIs when treated with vanadate. It could be that vanadate inhibits an outbound transporter (releasing anthocyanins into the vacuolar sap), while the inbound transport mechanism (from the sap to the AVI) might still be active. Under the VT model, the AVIs might originate as a result of vesicle fusion or autophagic process, having a significant impact on vacuolar formation and growth (see below).
Anthocyanin transport and vacuole biogenesis
As described above, there is growing evidence that transport of flavonoids from the presumed site of biosynthesis (the ER) to the site of accumulation (the vacuole) can occur via trafficking in PVs. Furthermore, PVs have also been suggested to be involved in the transport of phytochemicals other than flavonoids and for their transport to sites other than the vacuole. Besides the demonstration in Arabidopsis that anthocyanin-containing ER-derived PVs are targeted directly to the main storage vacuole [17] , PVs have been characterized in lisianthus petals [15] , maize tassel glumes exposed to light [36] , Lithospermum root cell cultures making the napthoquinone pigment shikonin [43] , and maize BMS R+C1 cells [16] . When the phlobaphene regulator P1 was expressed in maize BMS cells (BMS P1 ), PVs containing distinct yellow or green auto-fluorescent compounds were observed, with the yellow vesicles migrating to the vacuole and the green vesicles to the cell surface [35] . In addition to the species in which PVs have been characterized, it is possible that some of the previous observations of membrane-bound 'anthocyanoplasts' [19, 44] and 'vesicle-like' AVIs actually correspond to transport-related PV. However, it can not be ruled out that in some instances, PVs and/or AVIs may correspond to globular structures originating by self-aggregation of particular flavonoids, as found for the sorghum 3-deoxyanthocyanidins [38, 45] .
The PVs may contribute to the growing of the major vacuole by fusion with the tonoplast or through autophagy [46] . In the case of tonoplast fusion, this should not generate new intravacuolar membranes, while autophagy may allow for intact vesicles or residual membranes within the vacuole. Evidence for either mechanism for anthocyanin accumulating vacuoles is limited. The yellow vesicles present in BMS P1 cells and small anthocyanin-containing inclusions in Arabidopsis seedlings accumulate as discrete structures within the central vacuole, perhaps suggesting autophagy of intact vesicles. However, the use of inhibitors (e.g., 3-methyladenine) and autophagic mutants (e.g., atg7-1) failed to demonstrate a direct link between the formation of AVIs in Arabidopsis and classical autophagic mechanisms [17] . The lack of membranes around major vacuolar AVIs of some species also supports tonoplast fusion [15, 40] .
If the main loading of flavonoids occurs into the PVs rather than the main vacuole, as would be predicted by the VT model, then the systems described for transport across the tonoplast (under the LT model) may actually apply to transport across the PV's ER-derived membrane. The presence of colored anthocyanins in PVs [15, 36] suggests acidification likely occurring early in the formation of PVs, as an acid environment is a requirement for formation of the colored forms of anthocyanins. Thus, the ER derived membranes quickly adopt features in common with the tonoplast and likely have the electrochemical potential required for H + -dependent transport processes. Furthermore, GFP protein fusion studies for ZmMRP3 show localization, albeit under the strong 35S promoter, not only to the tonoplast but also to additional adjacent membrane systems [11] , which may perhaps correspond to PVs in the narrow space between the ER and the vacuole.
There is now substantial evidence of a link between active flavonoid biosynthesis, flavonoid transport and vacuole biogenesis and maturation. As outlined above, induction of anthocyanin biosynthesis by flavonoid-related transcription factors or high-light exposure can promote the formation of numerous PVs. This is not unexpected if the PVs are forming from the ER in response to flavonoid biosynthesis and as a requirement for subsequent transport. More intriguing are the changes to overall vacuole biogenesis caused by mutations affecting ANS (tds4), AHA10 or TT19 in Arabidopsis. Not only do these reduce PA biosynthesis, but they also result in the accumulation of numerous small vesicles, rather than the usual single large vacuole [12, 24, 27] . In addition, studies on flavone import into barley protoplasts show the requirement for the presence of the vacuole for active flavonoid biosynthesis, and a reciprocal need for an active flavonoid biosynthetic pathway to allow uptake of exogenously supplied flavones [33] .
The mechanism of the linkage between flavonoid biosynthesis, transport and vacuole biogenesis is still not clear. One possibility is that an intermediate, or unknown by-product, of flavonoid biosynthesis may regulate activity of the flavonoid transporter and vacuole maturation. Mutants in flavonoid biosynthesis or transport could prevent production of this regulator. Alternatively, the biosynthetic mutations may result in the accumulation of an inhibitor of transport and vacuole development. One problem for this mechanism is that mutations at different steps in flavonoid biosynthesis can result in abnormal vacuole phenotypes, but not all flavonoid biosynthetic mutations give the phenotype [47] . Based on findings from Arabidopsis, the compound (or compounds) would need to be an intermediate or product of the ANS reaction (tds4) that is also accumulated in the cytoplasm if ANS is active, but specific later transport steps are inactive (tt19, aha10).
An alternative, and attractive, explanation for these findings is that the transport step itself triggers PV maturation, and that some structural features of the flavonoid biosynthetic metabolon (e.g. ANS) are crucial to this process. One step that is linked to trafficking and could have a regulatory function is the transport of the antiporter. Interestingly, some of the transcription factors that up-regulate anthocyanin biosynthesis also regulate genes involved in establishing vacuolar pH [48] .
Concluding remarks
Although the genes and enzymes for formation of anthocyanins are now defined, there remains clearly still a lot to be learnt with regards to cellular mechanisms of anthocyanin transport and sequestration. We started by outlining two alternative models for anthocyanin trafficking, Ligandin Transporter (LT) and the Vesicular Transport (VT). A formal distinction between the two models might be just semantics, and the current evidence reviewed here leans in favor of a combination of both mechanisms, with indisputable evidence in multiple plant systems for the existence of PVs. The primary transport action appears to be across ER-derived membranes into PVs that then migrate to the vacuole via a TGNindependent mechanism to fuse with the tonoplast. The GST ligandins might participate in stabilizing anthocyanins within the PVs, although an additional cytoplasmic function has by no means yet been ruled out. Within the vacuole, there are further compartmentalizations, likely to include self-aggregating pigmented inclusions.
Understanding how phytochemicals traffic from their site of synthesis to the vacuole will help in developing strategies to manipulate their accumulation at high levels. However, beyond immediate practical applications, elucidating the mechanisms by which anthocyanins move and are stored is providing important information on basic plant processes such as vacuole architecture and biogenesis, membrane transporters and novel functions for GSTs. It may also provide an effective model for studying the organization of the biosynthetic metabolons, and their relationship to subsequent cellular function of the metabolic products.
